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1. INTRODUCTION

1.1 Objective

1 The objective of this program was to determine the phase
: equilibria in the systems Tl-Ag-S 1nd Tl-As-Se and a portion of the
‘ quaternacy system Tl-As-S-Se so as to optimize crystal growth of
compounds in these systeas, nctably T13Ass3, 1‘13AsSe3, and '1'13.\33‘.
! These compounds form promising nonlinear optical and acousto-coptical
crysts” :. Optical techniques were to be used to evaluate crystal
quality and the optical properties of any new compourds eacountered
i i were to be investigated to determine their potential as useful optical s

materials.

1.2 Background Inforsatiun

Increasing interest is being shown in nonlinear optical
materials for harmonic generstion and up-conversion applirations in
- the infrared region of the spectrum. Sulfide-type materials are of
special interest because they have a wide range of transparency and

might be expected to transait in the 10 um region where oxides are

4
{
i
usualiy opaque and vhere high power gas lasers operate. (nly s few i
such materials, notably proustite (A¢3Acs3) and pyrargyrite (“33533) g

wvere availsble in good optical quality pricr to the start of the preseant

program,




These two materials suffer from residual sbsorprion at 10.6 um,

which causes deleterious heating effects when the high power densities
at 10.6 um necessary for efficient frequency conversion are used.
Cinnabar (HgS) has suitably high nonlinear optical coefficients and a
wide region of transporency (0.6 co 13 um), but is very difficult to
gr~v with good optical quality. Tellurium (Te) and selenium (Se) have
baen reported as nonlinear optical materials useful at 10.6 um, but
they alsc have poor optical quality. In addition, tellurium has been
reported to exhibit an induced loss in SHG efficiency at 10.6 um due
to photoinduced carriers.

Sulfide-type materials are alsc of interest for acousto-optic
applications. The technique of light deflection by acoustically
generated gratings in solids or liquids is now well established, and
many microwave and radio-frequency signal-processing devices have been
constructed bssed on the acousto-optic interaction. The deflection
efficiency of a material, or amount of light deflected fr. .he incident
beam for 2 given amount of acoustic power in the material is proportionsl
to the so-called "accusto-optic figure of merit," M, = nspzlpva, vhere
n is the reicactive index of the material at the wavelength of the
incident light, p is the photoelastic coefficient (which is roughly
constant but may incresse in regions o>f strong dispersion), p is the
density, and v the acoustic velocity in the material.

It is evident that high refractive indices snd low acoustic

velocities are requirements for miterials with large acousto-optic

boiid  tumind  fnad bewed s
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figures of merit. Both are general properties of sulfide-type
materials. additional requirements on the uiefulness of a given
materia’l are that it be optically transparent at the wavelength of
light to be used in the application, and that it exhibit reasonably
low acoustic loss at the acoustic frequencies to be used.

Prior to the incuptrior of this contract the Westinghouse
Research Laboratories had been actively searching for new sulfide-type
miterials for use as nonlinear and acousto-optic materials. 9dur
experience in the arca of nonlinear chalcogenides was derived from
a thorough studyl of the phase relations and crystal growth of proustite
and pyrargyrite. As a result of this survey, we had synthesized
several Tl-bearing chalcogenides that seemed promising for both nonlinear
and acousto-optic applications Of particular interest were the
compounds ‘1'13A383, ‘l‘laAsSey and n3ns‘. These are close crystal-
chemical reistives of Agsns3 and A;3Sb83 in that all belong to the
sulfosalt class of chalcogenides.

Sulfosalts can be defined as having the generzl formula

A-Bucp

where A represents a metal, usuclly Ag, Cu, Hg, Pb, T1, or Zn; B
represents As, Bi, or Sb; and C renregents S, Se, or Te. The B and C
atoms in the general sulfosalt formula A.Bncp are 4lmost always closely
associated in the crystal structures, forming finite groups, rings,

chains, or nets of BC3 trigonal pyramids or BC, tetrahedra (with or

&

it en WAV




D e

without a’ditional C ions). Nomckiz classified all known sulfosalt
minerals according to which of thesc structural units is present.
Perhaps a more coavenient (but related) classification is by 4 number,

where

- Number of £ atoms
Number of B atoms

¢

For 'Il3AsSe3, ¢ = 3; for nzus,‘, ¢ = &4, etc. The ¢ number of a
particula:r sulfosult compound provides important information as to its
crystal structure. For exarple, compounds with ¢ = 3 typically contain
isolated 503 tetrahedra as part of thoir structural makeup. Simiiarly,
a crystal structure analysis will undoubteily show this ro be the

csse for 11315383 and T13MSe3 as well.

We had obtained sufficient preliminary data on the melting

relations 2i ‘1'13AsSe3
and crystals were grown using the techniques applied previou:.y to

and T1.AsS, to show that both melted congruently,
4

A53A383. It was iwmediately evident that both were useful optical
materials.

‘1'13A35e3 had several advantages. It had the expected wide
transaission range (1.5 to 15 um) and, moreover, hed decreased
absorption loss relative to prrustite and pyrargyrite. The refractive
indices vere high, indicating s high figure of merit for ponlineer

applications, and the birefringence was such as to allov phase matching
for second-harmonic generation at 10.6 um. It appesared that, ia

addition to aecond-harmonic generation, '1'13A33¢3 would also be useful

12
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as a psrametric oscillator pumped at wavelengths from 1.25 (e beyond
10 um, and especially useful as a material for a 2 ym pumpzd oscillator
operating with outputs in the 3 to 5 um regioa.

Both ‘Il3AsSe3 and T13Assk were shown tc be =ageful acousto-optic
crystals. The acousto-opti:z figure of merit was aeasured, by direct
comparison, for 1'13AsSe3 at A = 3.39 um, relative to fused silica at
A = 0.6328 um. The relative figure of merit was messvred as 955. This
figure of mezit is about twice as large as the figure of merit for
germanium, the msterial presently being uset! in acousto-optic devices
in the infrared region of the cpectrum. Likewise, measurements of
the figure of merit for '1'13Ass‘ gave exceptionally high values at
C 6328 um, .igher than any other known materisl.

It wvas also evident, }>swever, that the crystal growth of
these new materials would be difficult to cptimize without a thorough
knowleage of the melting relations in the applicable chemical systeme.
Only meager informationwss availablz for the terrary systems; in
fact, many uncertainties and inconsistencies exisced in the reported
phase relations for the basic binary systems Tl-S and Tl-Se.

Our initial crystal growth efforts showed that the {deal
chemical compositions were not the ideal growth compositions -- the
crystals almost invariably contained second-phase inclusions aund/or
cracked excessively. The progra to study the phase diagrams for the

systems Tl-As-S and Tl-As-Se was undortaken to understard and optimize

the =rystal growth of these Tl-containing sulfosalts.




1.3 General Approach ’

The approach adopted in the present program was as follows.
Approximately two thirds of the study was devoted to determining the
melting relations of the important ternary compounds in the Ti-As-S

and Tl-As-Se chemical systems. Particular attention wa: devoted to

the detailed melting relations around the compounds 113“33. T1,AsSe

3 3
and ‘1'13Ass4. These phase relations were determined both by quenching

experiments and by thermal heating and cooling curves., The Jsta from

the phase disgrem study were then used to undcrstand and optinize the
crystal growth of the useful teruary compounds. Technigies for the

passive and active evaluation of crystal quality were developed and

applied to the optical-quality determination >f the newly-grown crystals.
L] L ] ey 7
Signii{icant improvement ia crystal quality was demonstrated and the 5

improved crystals were measured to determine their device properties.

1.4 Summary

As a result of this program, ve now have available e.tensive
knowledge of melting relations in the systems Tl-As-S and Tl-As-Se.
Optimized growth composicions were determined for nj.ua3 and nzus‘ '
and crystals of improved opticxl quality were growvn. Optical measure-

ments were performed that demonstrate the device potential of tnese

compounds. Crystals of 1'136-53 S TI?A\'."@! vere obtained showing '
cousideradble improvement over early g:¢ . efforts; we were not,

however, sble to obtain high quality rystals of n3us3. This 1s




explained on the basi{s of the determined phase diagrams. In the broader
sense, data obtained in this study provide insight into the phase
chemistry and crystal chemistry of this type of compound in general,

iuformation that should prove valuable in devising methods of approach

leading to a thorough unierstar. .., .. other potentiaily useful

chemical eystems.
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2. TECHNIQUES OF PIASE DIAGRAM
STUDY AND CPYSTAL GROWTH

2.1 Techniques of Phase Diagram Study

Two techniques have been used for phase diagram stuly:
{1} quench-type or silica-tube experiments and (2) thermsal analysis
experiments. Both types of experiments are conductei in sealed,
initfally-evacuated, silica glass containers, vhich are well-suited
for reactions among sulfide-type compounds because they are inert and
because they constitute sealed coutsiners {or the volatile cosponents
such as sulfur and seleniums.

Spectrographically analyzed T1, As, S, and Se (each
> 99.999 wt X purity) were used directly as reaciants for hoth quench
and thermal analysis ex- “viments. The oxiie coating *hat forms on
Tl and As vas removed by boiling the Tl in water and heating the As

fragments in the reducing portion of a Bunsen-burner flame.

2.1.1 Quench Experiments

For quench-type experiments, reactant meterials (typically
«v0 mg total weight) were cerefully weighed in desired proportions,
sealed in the containers, heated for lengths of time necessary to
obtain equilibrium phase assemblages, and then chilled to roos tempera-
ture. Phases vere identified using standard microscope and x-ray

techniques.

16
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Scne degree of experience is necessary to identify the

stable phase assemblages at the heating temperatures by examination

of the quenched products. For example, the presence of liquid {n am

2xperiment vas indicated by the globular appearance of the charge

L —— o

after heating and by textur> relations in polished specimens. Liquids
generally crysiallized during the quench to polyphrse maites in which
the individual phases (oftea displaying dendritic habit) could only

be fdentified using high-magnification microscope lenses. %he rate

of quench-crystallization of liquids to such intergrowths decreases

toward the As-S or As-Se side of both systems and, in the As,S.-rich

2°3
cr Aszse3-r1ch portions, liquids could be chilled us glasses.

Many of the data presented belov were obtained irom melting |

point experfiments. In a typical melting point determination, a porticon

of presynthesized compound (e.g., 113A18e3) or a xixture of compcunds
(e.g., T1,Se+ TIJAsSe3) wes heated at successively higher tewperstures i
until melting occurred. The run was msintained above the melting
point for up to 8 hours then quenched and the charge examined to

deternine the stable phase assemblage at the final annealing temperature.

i
t
i
2.1.2 Thermal Analysis Experiments é
3
g
= 4

The experimental system used for obtairing cooling curves

consists of s Marshall furnace mounted vertically, a temperature

control system, and a L&N AZAR strip chart recorder which produces a

direct plot of sample temverature as & function of time (the coolirg

curve). The recorder is calibrated tc record the desired tempsrature

P— -
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interval by means of a L&N K-3 potentiometer. The recorder is normally . '
set to record over a temperature interval of about 100°C. A calibrate- i !
record selector switch permits rapid recalibration to the next desired
temperature interval so that data msy be recorded over as wide a
temperature range 3s desired. The furnace contrnl system is equipped
with a motor drive, so that the cooling rate may be controlled.
Bowever, m?tapemturu involved in these systems are sufficfiently
low that satisfactory cooling rates are obtained by simply turning off

the heavily insulated furnace and Jetting it cool at its natural rate. ’ i

The quartz saaple containers iaclude a thermdcouple well

which permits the chromel-slumel thermoccuple bead to be positionad so

that it is surrounded by the sample, but isolated froa it. The furnsce

R e R

and sample arrangement is showm in Fig. 1.

A typical run proceeds as follows. The sample tubes are
first cleaned by lightly etching with d<luted (50-50) hwdrofluoric !
acid. After thorough rinsing, the tubes are bakei at 800°C. The
inside surfaces of the tubes are then coated wiikh carbon by the pyrolvsis d i
of acetone. These prepacitory operations are carried out on the sample N
tubes in order to prevent tube cracking during the melting and freezing
reactions vhich the samples undergv during the thermsl cycle. This

tube cracking problex did mot arise in the case of the selenium

compositions, but uncoated tubes used with the sulfur compositicns
frequently cracked wvhen the charges crystaliized. Since the adoption
of the carben coating procedure, however, tube crackirg has ceased to

be a problem.
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t - The required amounts of 99.99972 pure elaments (from ASARCO)
are veighed and loaded into the sawple tubes, which are then evacuated
and seagled off. The sample tube {s placed horizontaily in a cold
‘ L split furnace and the teuperature raised over a2 period of several

hours to 750-800°C. The sample is shuker several times, and soaked

at ths high temperature overnight to insure homogenizstioa. The furnace

power is then cut and the sample allowed to cool in the furnace.
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A chromel-alumel therwocouple is positiored in the therrocouple
vell, and the leads passed along the sample tube and tied to the ampoule
with nichrome wire. The sasple is placed in the furnace as shovn in
Fig. 1, with the theruoscouple leads passing through s groove in tae
upper plug and out the top of tne furnace. The thermoccuple cold
junction is placed in an ice bath.

The sample is then heated to a temperature at least 50°C
above the estimated liquidus tempe-ature, then allowed to cool while
recording sample temperatur~ as a function of time (the cooling curve).

The sample may be reheosted and cooled several times in order
to verify the locatiun (tesperature} amd shepc of theraal arrests.
Sample temperature I: recorded continuously 23 a function of tine

so that heating as well as cooling dats are obrained,

2.2 Crystal Growth Techuiques

2z experience las shown that the essential festures of a
crystal-grovth technique irr congrvently-melting sulfosalt materials
are: (1) carefully prepared resactant material that precisely matches
the congruently-melting composition of the desired crystal, (2) a slow
grovth rate (10 to 20 wm/day), and (3) & steep (5 to 15°C/mm) tempera-
ture gradient at the solid-liquid interface in the :rystal growing
furnsce. Growth facilities were optimized to provide the necessary
steep temperature profiles and slow growth rates.

Reactan msterial for crystal growth is prepared dirctly

from *he de-oxidized high-purity elements Tl, As, S, and Se. These

—
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are weighed {r. desivred proportions and sealed under vacuum in a quartz
aspoule. Typically, a2 resctant charge veighs 50 grams. The elemental

mixture 1s heated ar a lov temperature (200 to 400°C) to react the
=ost volatile component (S or Se) vith the metaiiic eiements — a

reaction step that is taken to minimize the vapor pressure in the tubes

at elevated tempevatures. The cnharge is then he.*.' to 700 to 800°C;

ti.2 liquid 1s mixed by vigorously shaking the quartz container several

times, and the liquid 1is allowed to crystallize slowly by shutting off
power to the furnace. After opening the tube, the crystallioe reactant

is gtored at rooc tempersture in a vacuum desiccator.
For crystal growth, porzions of the prepared reactant are

sexied unier zbout 0.8 atm pressure of pure argon into quartz “crystal-

growing” tubes vhich contzin a necked-in portion nesr the bottom of
the tube. The neck in the tube serves exsctly the ssme purpose as a

necr. 15 a Czochralski crystal — to init{ate single-crystal growth

Tox a poiycrystalline boule. The argon pressure .n rhe tubes

supptesses the presence of vapor during a growth run.

Figure 2 shous the quartz-tube furnaces used for crystal

grovwth. Each furnace consists of tuwc heated zones separatelv controlled
by varfacs: an upper high-tempsrature zone and s lover low-temperature
wu.

The temperature gradient at the solid-ligquid interface can te

varied by adjusting the voltages to the two windings. Ais the crystal-
gTowth

tubes containing melt drop slowly through the furnace, the mselits
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Figure 2 -- Furnaces used for crystal growing.
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crystallize when the temperature reaches that of the solidification

(melting) point. The grown crystal is allowed to anneal at the

temperature of the lower furnace (usually set at about halif the melting

temperature) and then . >led to room temperature over two to three days.
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3. CMPOSITION AND CRYSTAL DATA FOR COMPOUNDS
IN THE SYSTEMS Tl-As-Se AND T1-As-S

3.1 Composition of Ternary Compounis

The compositions of known compounds in the systems Tl-As-S

[Op—

and Tl-As-Se can best be described in terms of the three-component
diagram for each system (Figs. 3 and 4). On each diagram are plotted
the compositions of the known binary compounds and the compositions of

the ternary compounds known frcm this study. The following points are

. germane to this discussion:

: ® There are several binary T1-S and T1-Se phases3-s whose exact

compositions and phase relations are not precisely defined. ’

Except for ‘1‘128 and TIZSe, they do not appear to be involved

[SE——

in the liquidus relatioas of the important ternary compouvzds

(this point is further discussed in the descriptior of the i

ternary phase relations). No further data vere derived from
the present study to clarify the binary phase diagrans. l

® The ternary compounds lie on composition joins from les to

As253 and Aszss, and from lese to AsZSe3 and MZSeS.

feature is characteristic of mauy related systems such as :

This

Ag-As-S in which such joins are often pseudobinary.
Three additional ternary phases were studied vhich are not

shown on Figs. 3 and 4. These sre the phases Tl As_S. and Tl As,S

4"%2°% 6**4%y ,
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previously reported in the litzrature (and which we could not verify),
and a previously unrecognized phase (Phase A) which we believz to be
petastable. These phases are discussed in the following section,

Crystallographic Data.

3.2 (Crystallographic Data

Samples of the ternary compounds have been examined by x-ray

powder diffraction methods and saall single crystals of T1 AsSe3 and

3
T13A554 have been studied in detail with a Buerger precession camera.
The latter technique provides a relatively rapid means of detersining
crystal symmetry (diffraction asp:ct) and cell dimensions. The available

crystsllographic data are described in the following sections,

3.2.1 T13AsSe3

The single crystal study of this material indicates that it
belongs to Laue Class 32/m. The diffraction aspect iz R** so that the
crystal system is hexagonal (rhombohedral). Our observations shov that
Tl AsSe, is strongly piezoelectric (indicating an acentric structure),
and the space group must be either R32 or Rdm. Opntical activity was
not detected, and crystal class Ja is therefore indicated, i.e., the
space grour is Rim. The measured cell dimensions are a = 9.90 :\ and
c=17.13 ;. icdexed powder diffraction data are reported in Table 1.
The measured density is 7.83 grams/cc, which gives a cell content of

‘1'19As38e9 (Dcalc. = 7.82 grams/cc).

T13AsSe3 haz rhombohedral cleavage.

[rr—

[pp———
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< TABLE 1. X-Rsy rowder Data for T1l.AsSe

3H8%

[ ] L]
Indexed for a = 9.80 A, c = 7.08 A E

% dgbs I/Io dc:lc
. (A) (estimated) (A) hk-1
i
- 3.63 0.3 3.64 13.1
i 3.25 0.8 3.23 0.2
f 2.93 0.2 2.93 33.0
;{ 2.83 0.4 2.80 05.1
. 2.72 1.0 2.73 31.2
k { 2.45 0.1 2.44 25.0
b { 2.38 0.4 2.38 00.3
) 2.36 0.3 2.36 43.1
I, 1.96 0.1 1.95 61.2

L ]
Pattern limited to d > 1.82 A,

&

- 3.2.2 'I13ASS3

W Y i s

The x-~rasy powder data for '1'13A-S3 shov sufficient simfilarity

AN o ORI I NG YT DI LB Sy Wn e 81 b

to those for T13AsSe3

two are isostructural. The cell dimensions, althougk not precisely

reported in Table 1 so as to indicate that the

—
[ wﬁw.

seasured, are slightly less than those for TIJAsSey as is to be

expected from the relative ionic sizes of 8-2 and Se-z. We have not,

'rhm”

however, been able to obtsin a small perfect crystal for single-crystal

investigation; every crystal we have investigated has given streaked

—
G T e x (e

and/or multiple diffraction spots indicating polycrystallinity

‘q_v
e ———

™ "

.
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or strain., Likewise, Laue photographs of a grown boule indicated very

o e

imperfect crystalline quality., We conclude that the two compounds are

o 48
)

probably isostructural but the necessary proof from single-crystal

x-ray photographs is not availabie.

3.2.3 T13A854

Single crystal x-ray studies of 113;.ss,‘ wvere undertaken !
using the Buerger camera. T13A384 is orthornombic with cell dimensions
[ ] L L ]
of a =8.98 A, b =10.8 A, and c = 8.86 A. The systematic absence of

reflections define the diffraction aspect as P ¢ * n 3c that the space

group is either P ¢ m n (ceatric, class am a) or P ¢ 2 n (acentric,

——

class = 2 m). In the non-ceatric space group P « 2 n, the b axis

oy

would be the unique or polar axis. Tests for piezoeleciricity vere s
negative, and second-harmonic generation at 10.6 um was not observed ia

a single crystal specimen oriented or the phase-matching direction

# Yor 10.6 ua radiation. These negative tests indicate the centric

I space group P c m n. [he measured density is 6.20 + 0.04 ;rmlc-z,

N e

which gives a cell content of 6(n3us‘).

3.2.4 TljAsSe, o
) ¢ X-ray powder diffraction data indicate that 1‘13As$e‘ is

isostrrctural with T13Aus , 1.e., this compound has a centric orthorhomic

crystal structure., Unfortunately, large single crystals of this

materisa]l were obti.ined late in the program, and no single-crystal x-ray

Ee )

F precession photographs «re taken. Study of this msterial will be

continued during the coming yesr.

"
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3.2.5 T}.Assz and ‘I‘lAsSe2

The compound ‘l'lAsSZ is well ¥nown as the maonoclinic mineral

lorandite®. Its space group is either P2/x or 321/3_ and the cell

]
pitameters are a = 12.25, b = 11.32, c = 6.10 A, B8 = 104° 12'. The

compound TlAsSe, is not known naturally; the x-ray powder data are quite

similar to those of 'rlAssz 90 that there is little doubt that this com-

pound too is one of low symmetry. Several crystal growtna attempts

for TlAsSz and ‘l'lAsSe2 (see Sec. 5.3.5 and 5.3.6) were not successful,
and no further sttention was devctad to their crystallography since

their low symmetry would make them doubtful candidates for useful

optical applications.

3.2.6 Phsae A (unknown Tl-As-S Phase)

A previously unknown Tl-As-S phase was obtained in melts of

compositicn TI3A383 +1mml2 Aszs3 crystallized by slowly cooling

the charge to room temperature. These melts crystallized to a mass

of crystals showing bladed habit. Sarll crystals were separated for

microscope examination — they are birefringent in both transmitted
and reflected light and iransait in the red portion of the visible

spectrum. They have parallel extinction and at least two excellent
cleavages -- cane parailel and one normal the leagth of the crystals.

The x-ray pattern is complex and quite unlike the patterns of the

other phases in the systam. Our observations concerning the composi-

i‘on and stability of this phase (Phase A) are susmarized below:
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i) Phase A has only been identified in runs containing 26 mol X

(T13AsS3 + 5 and 8.3 mol X) showed T13A583 as the primary phase

to crystallize.

45,54 (T13A553 + 1ol % A5253). Puns containing 30 and 33.3 mol X .]
2) We have never obtained pure Phase A -- always there is some j

second phase present.

3) Phase A was never obtained at T13Ass3 compositicn, either when

T13AsS3 melts are slowly cooled or when such melts were rapidly

o g vl

ctiilled in ice water.

4) A crystal zrowth run prepared with a reactaat containing N

26 =0l ¥ As.S, resulted in a polycrystalline boule of T1

253 ASS

3773

S) Phase A appears to be uustable at room temperature because we i

; observed a distinct breakdown texture (Fig. 5) fcrming in samples %

[gp——tTY

.
N w——t

I I R

-

kY - .

Fig. 5 -- Breckdown texzure (XiN0) in previously-
homogeneous Phase A aftsr storing at
r. 100m temperature for 5 weeks.
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kept at room temperature for a few veeks. X-ray powler patterns
are different than for the original material but still complex.
6) Portions of previously-synthesized Phase A heated at 24G°C,

275°C, and 298°C quickly (4 hours) decomposed to T1.AsS..

3773
7) There was no evidence for the existence of such a ccmpound in
any of our thermsl analysis experiments.

We believe that our observations on Phase A are consistent
vith a hypothesis that this compound is a metastable phase which
forms only within . -.ry restricted temperature and compositional
vange; its occurrenre probably also depends on the preparation techni-
que. Metastable phases of this type are relatively common o sulfide
systems, e.g. in the systes c\x-Sb-S.7

We separated several small (sub-aillimeter) crystals to
detereine the crystal symmetry by single-crystal x-ray studies. All
the fragwents examined, however, showed severe distortion and cracking,

probably rsused by the unstable nature of Phase A at room temperature.

3.2.7 r:.‘uzss and nﬁn‘sg

Attempts vere made ic synthesize the compounds n‘uzss and
neu‘sg reported by Canneri and Peroandess. For Tl‘Aszss, a melt of
n‘uzss composition wes prepared by heating the required mixture of
elements at 700°C for stout 16 hours. The charge was cocled to rcom
temperature and examined by x-ray and microscope polished section —

the charge wvas polyphase, with '1'13A383 being the primary phase to

ARG
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=
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crystailize as demonstrated by its dendritic habit. Portions of this
charge were heated at successively higher temperatures until melting
occuried., Initial melting was observed in two separate runs at

228-232° and 128-233® which corresponds to the 231 + 3°C temperature

we find for the eutectic temperature between 'nAsSZ and T1 AsS3 (See

3
As4s9 » whose reported

Sec, 4.2.3). Similar results were obtained for '1'16

composition is very negrly that of the TISMS3-TI.A:$2 eutectic

composition.

™,
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4. PHASE RELATIONS IN THE
SYSTEMS Tl-As-Se AND T1-As-S

4.} Data in the Literature

A pseudobinary phase diagram for the system TIZSe-AszSe3
wvas reported by Dembovskii, Xirilenko, and nxvorostenkog. Their

diagram, reproduced in Pig. 6, shows only two intermediate compounds,

.
L

proeaiv ssavevene s

i B PNy S Db, ’
s ] 4 ~ ~
Asy3¢y Lo b Ny

Fig. 6 ~~ Equilibrium diagrem of the As25e3-T1Se
system, according to Dembovskif et al.?

113u8¢3 and TlAsSej, between the two components. Thelr diagram is
quite similar to the diagrsm we report belov in Sec. 4.2 except fnr

one notable discrepancy — the compound '1'13A¢Se3 is shown to melt

33




L L R

At ¢ e

incongruently at 280°C wvhereas we find congruent melring at 311°C.

The disgrams are compared and tie discrepancies discussed in the
next section.

A previous diagram for the system ‘l‘lzs—AsZS3 reported by

8

Canneri and Fernandes™ bezrs little resemblan.e to that reported here.

According to their diagram (Fig. 7), there are four pseudovinary
phases: ‘1'13As53, ILAA.SZSS (mistakenly shown as T16A3253), TISA.:‘Sg,
and TlAsS,. Of thece, we find only TI3A353 and T‘..Assz to be stable

500
400 ;- - -
300 L .
Z(R, - mn " . -
(SO K72 A ~
< o f
m] Al
- < qf
100 | o < KX bl -
| >—
L L j
0 20 40 60 80 1CO
Ti,S Mot °/% As,Sy

Fig. 7 —— System T12S-As2S3 according
to Camneri and Fernsndes.8

phases in this systex (see Sec. 3.2.7). The phese diagram by

Canner{ and Fernandes is based solely on thermal arrest experiments;
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ve find that thermal data are notably unreliasle ia the i\s2$3—tich
portion of the ‘;'128--&5283 system because of supercooling and neta-

stability phenomenon. Such problems, as well as the impure resctant

materfals used by Canneri and Fernandes, probably zccount for the

errors in their diagra=.

4.2 Phase Relations Deterained in this Study

4.2.1 Intreduction

As poted in Sec. 3.1, the important ternary compound {n

the systems Tl-As-Se and T1-As-S lie on composition joins such as
nZSe-Aszse3 and tlzs-uzs3. The approach used in the phase diagras
study was to determine the melting relations along these joirns uging

both quench-type and thermel analysis experiments. In most cases the

joins are pseudobinary, or “esrly so, so that they can be trested as
tvo-component systems, remembering, however, that phases suclh a3 the

vapor phase (always present im s rigid container) have compositious
taat lie off the joins.

4.2.2 The Join TIZSc-MZS¢3

This join (Fig. 8) is perhaps the most important join in

e

the T1-As-S-Se system froa a device standpoint because it contains

the nonlinear compound '.’13MS¢3. There are two psewdocbinary compounds,

‘1‘13AsSc3 and TlAsSez, vith intermediite pseudobinary eutectics. Both

phases have narrov soiubiiity limits, probably less than 1 mole 2

‘:w:ﬁli ‘Ki mjmmﬁmmmwwmL’&mﬁwwmm.mm..- Leee

il
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H tcward T1,Se or As, Se,, as demonstrated both by appearance of phase
) 2 2773

[r——

experiments and by the very small shifts in x-ray line positions on

powder photographs., There is, however, a surpr.singly large solid

A
+

At

soluticn of '1‘128e toward Aszse3: 10 mole % or more at 300°C; the solid

solution limits were not precisely defined s ace they are of little
. importance to our crystal growth efforts.

Substantial effort was applied to determining the exact

melting relations of '1'13AsSe3 because these relations are crucial to
T13AsSe3 crystal growth. An expanded phase diagram for a portion of
§ the T1,Se-As,Se, system is shown in Fig. 9. The maximum melting

- composition does not lie at the stoichiometric T13AsSe3 composition,

but at a point slightly toward T1,Se from ideal, at 24,625 mole Z

AWAARPID > VI AN il K s 3 ¢

i AsZSe3. The freezing temperatures obtained from the tuoling curves
) alone were not sufficient to locate the maximum melting composition
H E this accurately. The presence Or absence of the eutectic arrests at
300°C and 240°C permitted the maximum to be defined more precisely

r ] [ than the freezing temperatures taken slone. A 24.75 mole X As,Se

2773
cmposition showed only the lower eutectic, indicating that this

W W——

composition lies to the Aszse3-r1ch side of the maximum. A 24.5 wole X !
AsZSe3 coxposition showed only the upper eutectic, indicating “hat
this composition lies to the Tl,Se-rich side of the maximum. A

‘ : 26.625 mole X AszSe3 sample showed faint arrests corresponding to both

eutectics. Of course, the maximum wmelting composition shouid ideally

show neither eutectic; however, slight compositional inhomigeneities

Pt i
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Fig. 9 - Partial phase diagram for the
TlzSe-AsgSe3 system. The points
repregent thermal arrests.
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in the melt probably account for the appearance cof both eutectics.

The implications of Fig. 9 for the crystal growth of T13AsSe3

discussed in detail in Sec.5.3.1; it is sufficient to note here, however,

will be

thact there is a substantial improvement in crystals grown from melts
containing 24.625 mol % Aszs3 over those grown from a stoichiometric
T13AsSe3 melt,

A comparison of Fig. 8 with Fig. 6 shows that cur results
agree with thnse of Demborskii EEJEL.g in that the eutectic temperatures
and the TlAsSe2 melting temperature are in fair agreement for the two
studies. The major discrepancy dcals with the melting relations of
T13AsSe3; according to Dembovskii et al. T13AsSe3 melts incongruently
at 280°C to a mixture of T1,Se (8) and liquid. Our experiments show
that T13AsSe3 melts congruently at 311°C. Several lines of evidence
in addition to our thermal data indicate this to be correct:

1}  We cannot detect any melting when smsil portions of T13AsSe3
are heated in sealed tubes jelow 311°C. Acccrding to the
Dembovskii et al. phase diagram, the equilibrium assemblage
should be T1,Se + L between 280°C and ~ 316°C. The presence
of liquid should be clearly visible in our experiments.

2) Rapidly-quenched charges of T13A35e3 liquid appear to be
homogeneous T1l_AsSe

3 3
It is unlikely that that equilibrium would be maintained in

in polished section under the microscope.

such chilled samples so that incongruent melting would be

indicated by polyghase products,

§ A g

g
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3) Slowly-cooled melts such as we use for crystal growth would
initially crystallize to TIZSe according to the Dembovskii et al.
diagram. We see no evidence of this in our crystal growth rums.
Large single crystals of T13AsSe3 would be an unlikely product
if, in fact, the compound melted incongruently.

We thues feel that all the evidence supports our contention
that T13AsSe3 melts congruently rather than incongruently; we cannot,
however, offer any explanation for the discrepancy.

Long-term annealing experiments conducted to determine

whether there are other intermediste phases, besides Tl AsSez and

3
TlAsSez, are summarized in Table 2. To aid the attainment of equili-
brium, reactant material was either melted prior to use, or consisted
of previously-synthesized compounds which were pressed into pellets
to ensure intimate contact between the reactant phases. The only
product phages identified by x~ray powder diffraction were lese,
T13AsSe3, TlAsSez, or A528e3. We conclude that there are no inter-
mediate phases in the system TIZSe—AsZSe3 at temperatures of 150°C

or above.

4.2.3 The TlZS-Aszs3 Join

The partial phase diagraz for the T128~A828e3 system is
shown in Fig. 10. The eutectic horizontal at 231°C was obtained from
heating curves and quenching. Cooling curve arrests corresponding

to this eutectic were as much as 45°C low. No liquidus arcests were

obtajned for compositions containing 35 mol £ or more A5253, due to
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TABLE 2

Low-Temperature Annealing Experimeats

Run No. Reactant Key* I, °C Time Products

TAS 73 1 200°C 11 days TIZSe + T13AsSe3
TAS 88 2 200°C 36 days T13AsSe3 + TlAsSe2
TAS 89 3 200°C 36 days TlAsSe2 + A328e3
TAS 8C i 150°C 61 days TIZSe + TlBAsSe3
TAS 81 4 150°C 61 days T13AsSe3 + TlAsSe2
TAS 83 5 150°C 61 days TlAsSe2 + A528e3

*

1) Composition 15 mol % AsZSe3; meited prior to annealing.

2} Pressed pellet of T1.AsSe. + TlAs3e..

3 3 2
3) Pressed pellet of TlAsSe2 + 3825e3.
4) Composition 35 mol X AsZSe3; melted prior to annealing.

5) Composition 70 mol 4 AsZSe3; melted prior to annealing.

the formation of glasses on cooling. We did, however, do nelting-point

experiments on TlAsS2 and find that it melts congruently at 286 + 3°C.
Compositions lying on the TIZS-A3283 join yielded reliable

data with great reluctance. The compositinns tested lying on the

T1,5 rich side of the eutectic at about 22% A5283 did not define the

liquidus in this region. When run in normal fashion, i.e., cooling

the meit from 50°C or more above thz estimated liquidus, compcsitions

on the A5253-rich side of the ma: aum yielded arrests corresponding to

41
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the dotted curve. [Ihese compositions exhibited substantial supercooling

(30°C or more). We also observed that the temperature rise following

v

nucleation was sluggish., This system is clearly not "well-behaved”

[ ——

in a classical sense, so that the data obtained to this point raised
more questions than they answered.

We hypothesized that there was some partial structure
remaining in the liquid at temperatures slightly above the liquidus,

which is broken up at the higher temperatures to which the melt is

generally heated. On subsequent cooling from a high temperature,

nucleation and growth occur with difficulty. We then reran several

samples in an attempt to hold the maximsum temperature of the melt
within about 10°C of the liquidus arrest. The desired temperature

was estimated from the heating curve, which indicated liquidus

T

temperatures considerably higher than those obtained from the previous
cooling curves. After some trial and error, we were able to obtain
cooling curves with no supercooling. In fact, when the maximum melt
temperature did not exceed 10°C above the liquidus, the arrests formed
B a smooth curve without the sharp break associated wi-h sudden nucleation.

S_-rich side of

u These experiments ylelded the solid curve on the Asz 3

the maxizum.

4.2.4 “fhe TI?S—ASZSS Join
The composition join Tl?S—ASZS‘ appears pseudobinary, at

liquidus temperatures, over the range 0 to 35 mol % AsZSS. The diagram

is shown in Fig. 11. The group of points in the neighborhood of
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Fig. 1' -~ The TJ.ZS-ASZSS join.

e —

250°C on the T1,S-rich side of ‘I‘13ASS4 corresponds tn very saall

? therasl arrests observed on cooling curves for all thz compositions 4

—o——

exanined on that portion of the join. These points probably correspond

to a single temperature, as it is not uncommon to observe soce scatter

——

in the temperature at which very saall arrests occur in systems where
the phases involved exhibit substantial supercooling. They probably

represent the temperature of a ternary eutectic iying off the compo-

- ————— ———— ——————— g SO 4 YN

sition join, but their origin was not pursued. Tnc maximuz-melting

T13Assa coaposition appears to lie at 253 moi 2 Aszss, i.e., at least

as viewed on this join, the conmpound is stoichiometric.




The TI3A554 liquidus surface on this join was studied to a

ey

composition 50 mol X Aszss; the curve descends smoothly and there {s

no indication of additional congruently-melting compounds intersecting

T
H
—

the liquidus surface. :

: 4.2.5 ;13AsS3-S Join
f % The composition join Tl AsS,-S was studied, not only to
r define the melcting relations of Tl3AsS3, but also those of T13Assk.

The phase diagran is shown in Pig. 12.
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Fig. 12 — A portion or the T13AsS3-S join. The
points represent arrests in thernmal
analysis experi=ments.
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’ . { An eutectic between Tl A553 and TIJAsS occurs at 320°C

3

F. and at a composition very near T13As$3. The close proximity of the =

4

——y




two eutectics to T13A553 ca: be appreciated by noting thar the

difference in sulfur content between T13ASS and T1,AsS, is only

3 4

about 3.4 wt %.

The liquidus surface for Tl3AsSA is very broad, as it was
also o2 the Ti?S—ASZSS join. Repeated examination of fhe thermal data
produced by stoichiometric Tl35534 show a swall heating arrest at
about 320°C, indicating that the true maximum-meliing composition
lies slightly off the stoichiometric composition, probably toward
suifur. This observation i{s discussed further with reference tc the

crystal growth of T13ASS&.

4.2.6 TIZSe—ASZSe5 and Tl3nsSe3--'r13AsSe4 Joirns
Tha thermal analysis data did not yield clear results for

the phase boundaries in the region of T13AsSe6. if there is indeed

a maxizus in the liquidus, it is very ~mall, with an eutectic within

one or twe percent of the steichiometric composition on the TlZSe

side. OQur data do not rule out a peritectic reaction, but if such

is the case, the intersection of the peritectic horizontal with the

ligquidus sust occur very near the equilibriuxm coampound composition,

based not only on the thermal data but also on out success {n preparing

good crystalliine materisl with our morzal crystal growth techniques.

The liquidus 1is rather broad from TlsAsSe towvard T13AsSe&.

3

Howvever, for coapositions richer ‘m sulfur than ?IBAsSe the

3.85°

data again cannot be interpreted.
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Thus, even thougii the exact phase relationships in the

{emediate vicinity of T!3AsSe, are not well defined, the region of

uncertainty occupies a very small composition region in the ternary

systex, and thus the region of exploratioa for crystal growth

experimenrs is fairly well defined.

4.2.7 Ternary Phase Relations

The results of the phase diagra= work on the T1,5-4s.S

3 273
TiZS-ASZSS and T13Ass3-xl3A554 joins are brought together im Figs. 13

ané 14. Figure 13 is an overview of the Tl-As-S ternary system which

defines the three ioins in terms of the elemental components and

shows their nutual relationships. Figure 14 is a detailed view of the

region of the ternary shown in Fig. 13 whicu co.:ains Tl,AsS3 and
TI3ASSL. The eutectics observed on the varicus joins are =marked X

fn Fig. l4. Isotherms at 320°C and 400°C are shown as dashed curves.

The 320°C isctherms intersect the eutectic closest to T13ASS3 on the

3 [ -T .3
1-35553 xl3AsSq join.

Figure 14 clesrly illustrates the narrcumess cf the T13ass3

mzxizu= and the broadness of the T13AsS6 naxizuzs in relation to nearby

eutectics. These ternary reiationships have 2z strong tearing oo the

rowth of high quality single crystals, particulariy of Tl &sS.,. The
-3 gn q ), 4 y ’ 4 3 3

phase diagran data indicate that the naximuam melting compgesition for

T144sS, is very closc to stoichiometry. Hosever, the close proxizfity

of the eutectics surrcunding 7133553 will require the maximu= melting

cozposition to be known to an extreme degree of crecision if high

quality crystals are to be grown.
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5. CRYSTAL GPOWTH

3.1 Introduction

W e 5 o e ¢ gt

he available data on phase relations have importaut

implications for crystal growth of sulfosalt compounds. We have been

fair quality crystals of T13A333 and T13AsSe4. W2 believe the phase

f

|

able to grow high quality crystals of T13A35e3 and Tl3Assa, but omiy ! {
; 1

|

diagram study expiains thie observation. Our study revealed that !

these latter two compounds are surrounded by pseudobinary eutectics ‘
that are close in composition tc the congruently melting compositions. f
Thus, crystal growth may well be nampered by "eutecti. interference®

of the fypzz proposed to explair growth phencmenal in proustite, AngsSB.

In the case £ the compounds T13ASSe3 and TISASSA' although pseudo- 4

Sinary eutectics are present; they lis at more distant compositions
from the stoichiometric compounds and thus eutectic interference dJoes
not impede the growth of large crystals. Our methods of crystal-
quality evaluation and crystal growth efforts for each compound studied

are described bhelow.

5.2 (rystal-Quality &valuation i

Of the crystais eramined during this study, only T13A354

was transparsnt in a portion of the visible wavelength spectrum. Thus, !

-

50




o 4

the crystal quality of T13AsS4 could be quickly determined by visual

inspection (i.e., were cracks present?) and by illuminating the
interior of the crystal with a He-Ne laser beam. This latter technique
was particularly useful for detecting tiny light-scattering inclusions.

The band-edges of T13AsS3, T13AsSe3, and T13AsSe4 were in
the near infrared and it was therefore impossible to inspect or measure
the optical quality of bulk single crystals using isible radiation.
Initially, we attempted to use an infrared image converter cameta
(Bofars MARK IRCD-1) with suitable infrared optics, to image crystal
interiors at a wavelength of about 1.5 pym. The resolution of this
system was unsatlsfactory, although with further work on the optics
we believe it could be improved considerably.

A scanning technique for profiling the optical loss in
single sulfosait crystals has been set up, as shown in Fig. 15, An
infrared laser beam is incident onto a T13AsSe3 boule onto which plane
parallel inspection faces hzve been ground and rolished. The power
trancmitted through the crystal is recorded as the various portions
of the crystal are translated through the beam, and the total optijcal
loss is thus characterized as a function of crvstal position. 1t should
be ncted that this measurement technique gives only the total loss
through the crystal. To account accurately for reflection losses,
the crystal refractive indices and it3 orientaticn relative to the
polarization of the incident beam must be known. In addition, low angle
scattering losses are not accounted for, because the power meter accept-

ance solid angle is relatively large, about 2 x 10‘“3 steradians.
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Fig. 15 -~- Schematic diagram of optical quality
scanning system for sulfosalt crystals.
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In Fig. 16 is shown the result of a scan of a 4 cm long
T13AsSe3 crystal, TASE-BR-1, at 2.1 pm (Ho:YAG laser). In this case,
the seed end is of reasonaply good quali-y, with total optical trans-
mission within 5-10% of the maximum expected when refiection losses
are taken into account. Total internal reflection at a cracked section
about 2.5 cm from the tail end reduces the transmi_sion to zero in
that region; a very lossy region also exteads from about 0.5 cm t.
2 cm along the boule. Scans of this type were alsc used to evaluate

AsS, and T1.,AsSe, .

the optical quality of Tl3 3 3 4

5.3 Crystal Growth

5.3.1 Tl,AsSe,
2 -

Crystals of T13AsSe3 were gyown at three compositions to

derarzine the optimum growth composition: 1) stoichiometric T13AsSe

which contains 25 mol % AsZSe3; 2) a composition (T12Se)0.75375-°

3’

(A$2523)0'24625, and 3) a composition (TIZSe) (AsZSe

0.7525 370.2475°
The latter two compositions lie om the r128e—As Se, composition join

2773
but siightly more T125e-rich than stoichiometric TlsAsSe3; composition 2)
corresponds to the maximum-melting coumposition as determined by the
phase-diagram study. Eight crystal-growth experiments are described
in Table 3.
The crystals we grew were examined using our scanning
technique, With the total optical losses approaching only a few percent,

it is very difficult to cbtain a2ccurate measurements of losses and to

compare effects of stoichiomeiry and growth rate on crystal gquality
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using this tr-nsmission technique. This is, however, a useful method

for finding the best sections in a particular boule.

In general, the results of Table 3 indicate that x = 0.75375

o ol

to % = 0.7525 and a growth rate of the order of 15 mm/day are opti.um
growth conditions for high quality T13AsSe3. This is dramatically
illustrated by a comparison of crystals TASE-BR-3 ~nd TASE-BR-6
(Figs. 17 and 18). Crystal TASE-BR-3 was grown from the maxinwum-

melting compositioa; it exhibits large clear regions with bulk losses

[rerereyy

of nearly zero, at least within the accuracy of our

vt

TABLE 3

e~

Optical Loss Measurements on ’i‘].:,AsSe.3 Boules

[T,

Length of Cptical Loss

i Boule Greowth Best in Best
h No. Composition Rate Section Section
(T1,Se), (As,Se;); ~ (mm/day) (cm) (ca1)
% BR-1 (0.75375)(0.24625) 12.2 1.2 0.05 + 0.08
l i BR-2 (0.75250) (0.24750) 10.5 0.8 0.05 - 0.08
Bl BR-3 (0.75375)(9.24625) 15.3 1.6 ~ 0
b BR-4  (0.75250)(0.24750) 15.0 1.0 0.02 + 0.04
! BR-5 (€.75375)(0.24625) 15.8 2.2 0.03 + 0.06
| BR-6 (0.75000) (0.25000) 15.0 2.2 0.03 ~ 0.06
b ! BR-8 (0.75375)(0.24625) 15.4 1.2 0.02 » G.04
r .
|
‘ i
. 55
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Fig. 17 -- Optical transmission at 2.1 pp along an as-grown
trule of TliAsSej, Crystal TASE-BR-3.

290 T
1]
j Copmtat. TASE SR~ Lrset. 30 2w a5, par, {
%+ T2, As Sey 60 pps., TEMg Mate i
: ’ 115 ns aulse watn. Bean
! saneter 1S Ea, Rsorstiond
1] | ot fengdn Mirough crysial |
1 Lice,
Theortt i rao=0a vansassen diowed =
By retiecton tosses a tao taes E
g &iu fdiargnarg Ay o J
2 For OrGnary Rays
- e - - — - - - — - - e e — - - = —— o —— —
-3 il D e e e e e e e e —— . - — o
£
S 0} / .
0 .
b.+] 4
i0 -4
9
9 (2] 1.0 LS 29 2.5
0 stance slong doule temd
Fig. 16 -- Opticel transmission at 2.1 um along an as-grown

boule of Tl3AsSe3 (Crystal TASE-BR-6).
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me _urement technique. The transmission of BR-3 actualiy appears to
exceed the theoretical maximum by a small amount; this is probably due
to a slow fluctuation in the probe laser average power, which is
continualiy monitored but fluctuates by about +2%. The actual losses
. - -1

in B7-3 appear to be approaching 0.0l cm = or less.

Crystals grown from stcichiometric T1 AsSc3 melts (e.g.,

3
T4LSE-BR-6), on the other hand, have optical transmissions that do not
sttain thecretical maximum values (Fig. 18). Often such crystals have
variable transmission along “he length of the crystal and are also
prone to have high-abscrption bands, probably impurity bands. The

differences are striking considering that only a few tenths of a

mol % change in melt compositiorn is involved,

5.3.2 T13ASSA

“he ternary melting relations determined for Tl3ASSA (see
F g. 14) show that there is a very broad iiquidus surface surrounding
the stoichiometric composition. Insofar as we can tell, the melting
maximum on the join TlZS-ASZSS occurs at the stoichiometric Tl3AsS“
composition; because of tne rather flat melting maeximun on the join
T13ASS3-S, however, there is uncertainty in the exact maximum-melti g
composition. For this reason, we conducted a eries of crystal growth
exper iments along the join TIBASSB—S to determine the optimum T1

growth compositicn empirically, i.e., by growing crystals from melts

3Assa

containing Jdifferent amunts of S and comparing the crystals as to their

optical quality.

A e . @
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Crystals were grown fror four compositions: T13AsS3 95°

. c - . .
T13Assa, rlebsa‘Cl and -13A554.023 (the experimental details are
contained in Tal . 4). Two problems are evident -- crystal cracking

and inclusions (best observed as light-scattering centers waen
crystals are illuminated with a He-Ne laser beam). In fact, however,
these two problems are not independent ~— crystals with a high inclu-
sion content showed a strong proclivity to fracture on cooling.

The composition TlBAsS was chosen to evaiuate crystal

3.95

*

growth from melts s.ighrly sulfuz . ficient from the ideal compositicn.
Three separate growth runs were nade to ensure reasonable statistics
for the data and eliminate possible spurious results caused, for
example by accidentally misweighing reactants. The results clearly

show that T13As is not a preferred growth composition. Crystals

53.95
were always severely cracked and, in two of the three runs, single-
crystal growth broke down and polycrystalline material comprised
several millimeters of the boule length at the end of the charge. In
addition, there was a metallic-appearing coating on portions of the
surface of the charge (and in all probability it was similar particles
that occurred asscattering centers inside the boule)}. We tried to
renove enough of the coating to obtain a powder-—diffraction pattern
but were not successful.

Similar problexrs to those described for TL3A553.95 were

evident in grewth runs on melts of T13A554 composition but to a lesser

extent. We wereo, in fact, able to obtain an uncracked voule at room
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zenperature (although it spontancously crackec af<er a fzw weeks at
rcon temperature) by regrowing a crystal at a slow growth rate
(8 =/day). This procedure in effect uses the first furnace pass as a
zore refining step for subsequent crystal growtn. Still, however, the
crystal contained mmerous inclusions. There is a marked diminishing
of the metaliic surface coating or going from melts of T13ASS3.95 to
aelts of T13ASS& composition, which indicazed that we were changing
ccaposition in the right direction, i.e., that the naxipum-meiting
conposition for this phase contains slightly oore sulfur than indicated
by the formula T!BASS&. Our observation of a thercal arrest at the
TlBASSA-T13AsS3 eutectic temperature {(320°C) in a2 melt of composition
7135556 supported this conclusion.

Uncracked crystal lengths exceeding 1 cn were obtained for

crystals grown with sulfur in excess of the ideal S, compositionm,

4
and in fact the boule was crack-free for TIBASS6 o1° txcess sulfur
was present in the crystal-growth run Ironm T13AsSa 025 composition;

it coatea the tube as a surfur-vich liquid during growth. These
observations clearl,; substantiate our phase diagranm interpretation
that the maxipum—melting T13ASS4 composition lies sliigntly toward

sulfur from the ideal forcula.

3
5.3.3 T13ASS3

The phase diagrams show that the growtn composition i3

critical for T13AsS3 growth. This compound is surrounied on all
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sides by eutectics, and even the slightest deviation {roa the maximun-
melting point will quicily result in the melt reaching an eutectic com—
position at the growing interface. Although we do oot yet know the
cptimuo composition for growing I13A553, the technigues have been
improved to an extent so that single crystal sizes are now available

to aliow the zmezsurexzent of the material properties.

Boules grown from stoichioretric T13AsS3 zelts are iovaviably
polycrystalline. Results of 2z scan at 2.1 :n of a longitudinal slice
fron a recent boule indficate extremely high losses (~ 10 ca—l) near
the seed end, but considerably lower losses (~ 1.5 to 2 cz-l) in a
region near the tail erd of the crystal. These losses are too hlgh
for practical applications. The surface of this crystal contained
nunerous bubbles that we interpreted as indicating the presence cof
excess suifur during crystal growth. Therefore, the sulfur ccntent

was reduced and an attempt =ade to grow from a Tl3AsS cozposition

2.995
oelt.

The bouie contained fron the sulfur-deficieat =elt had
sections of cuch nigher optical quality than any obtained before. A
section of single crystal 0.4 cm in length and 1 cm in diameter was
obtained with losses on the order of 0.1 to 0.5 c:-l. Ciearly, this
optical guality i{s not sufficient for device use; we were, however,

able to measure the optical traansmission range for the first tize

(see Sec. 6.4).
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5.3.4 TIBASSeA

Three attenpts were nade te grow T13AsSeA crystals from m2lte
having the stoichiometric composition. 1In the first two efrorts,
only polycrystalline material was obtained, but the third boule
contained a section about 1 cm in length that showed relatively low
cptical absorption. Tnis crystal was obtained late in the pregram

so that the oaly optical data obtained were the wavelengths of optical

trausaission. The transaission range is reported in Sec. 8.3.

5.3.5 TlA-CS,
2z
Severe difficulties arise in attempts to grow crystals cf
T}ASSZ {and TlAsSeZ) because of the propensity of these ccapounds to

form a glassy phase. We tried to circuzvent the glassy phase of

o)

lAsSZ in the following manner. First, a TlAsSZ glass wvas prepared by
rapidly .hilling TlAsSz liquid. Portions of this glass ware thea
reloaded into a crystal-growing tube, the tube was sealed, and the
charge recelted. The charge was then annealed for 17 hr at 175°C,
during which tine the TlAsSZ glass partly crystaliized. Duriag taec
positioning of the crystal-growth tube in the growth furnace, we were
ca:eful not to entirely melt the charge so that the crystailiae

nuclei{i present could act as seeds for further growth. Two growth runs
vere sade on this charge at 12 o "fay. In both cases the boule was
polycrystaliine. Large grains (1 to 3 = {n largest dizension) wvere

nresent in the boule; the fact that such grains are never seen in
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cryazallized glass indicates that glass fcrmation did not

with cryatal growth. Siugle rrystals could nossidly Se chtsized by
optiniziag the relited varizbles cf growth rate 2ad texperalure

gradient, but hecause of the low crystal svymmeiry, we did nor continue

The Techniques discusreed above

L)
9]
o]

TlAGS, growilh were 5:30

triei fcr tne crystal growth of TiAsSe.. We feynd, however, that when
glasses cf IiAsSez were aanezlel In crystal-guaowth tubes the tube
iwariavly cra~xs and shatters -~ due azpparently to expenzico ¢{ the
saterial wporn sol:dif {cavicn. Direct single crystal gtowth {rom a

cozpletely m=olten TiAsceZ zh2rge wes trie. 5ut zgain the groweh tude

-
(73]
©
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3

A crystal growth ruc was #ade oo the cempesition
T13ASS1 QSel . in the solid-sclution serfes. The res:s:teat bovle wis
polycryscalline; zoreoever, 2 change in conpssitics occurred as

groWth proceeded, indicating thal the sepsragtion of the s0lidus and

l1iquidus along the pscudcbinary join ?}3Assi- 3

o~}
Yoot

AsSe, s sufficient

\»

so as to seriously interfere with crystal growth.
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6. OPTICAL PROPERT1ES OF Tl-As-Se-S COMPOUNDS

6.1 21355993
The detailed knowledge of phase equilibria in the svatem
Tl-As-Se eveloped through thermal analysis techniques has lad to
the growth of large Tl3nsSn3 crystals of excellent optical quality.
Refractive indices were measured from 1.55 um to 10.6 um on
an vriented prism cof T13AsSe3 cut from Boule TASE-BR-3, which we
estimated tc have the best quality. The indices were measured by the
method of perpendicular incidence on a Gaertner L-114 spectrometer,
using chopped light from a cungsten filament, with calibrated narrow
band filters to select wavelengths, and a cooled InSb detector. The
estimated r~curacy of the me. ements is + 0.003. The results of the

refractive index measurements are shown in Fig. 19, where they have

been fitted with Sellmeier curves of the type

n2 -1 =~ AA + Bx
. v,2 “R\2
1600 =60
For ‘o and A, AV = U,445 ym, and XR = 20 pn.

For n_, A, = 1C.125, Bu = 0.10.

for 1 , A =< 8.96, B = -0.05.
e’ e ¢
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These indices are slightly larger than those measured on our criginal
T13AsSe3 sampleslo; the birerringence and dispersion have not changed
much, however, so there has been little change in the phase-matching
conditions.

Using these slightly revised values for the refractive
indices, we have recalculated some of the phase matching curves for
T13AsSe3. In Fig. 20, we show the phase match angle, Gm, as a function
of wavelength of the fundamental, xo, for Type-1 phase matched second
harworic generation in T13AsSe3. We see that Gm ranges from 48° for
Ao = 3.0 um to a minimum of about 14.7° at 11 ym. In the 10.6 um
region, the curve is relatively flat, implying that it should b=
possible to phase match the Type I SHG process for the many rotationmal-
vibrational transitions of a CO2 laser at the same angle in the T13AsSe3
crystal. The birefringence angle, p, is large so he walk-off losses
will be high.

In Fig. 21 are sho'm Type I phase matching curves for optical
parametric generation, calculated on the basis of the more recent
refractive index data. The curves are slightly changed from our
original oneslo; for instance, phase matching for 2.1 um-pumped
degenerate optical parametric oscillation at 4.2 um is expected to
take place at em = 29,7°, compared to our originally calculated value

of ¢ = 30.2°., Curves for pumping at 1.833 um (Nd:YAG laser) and

2.795 uya. (HF laser) are also shown, and the curves have been extended

to near cthe limits of transparency at i8 um.

Ch e e ———

. g, ST, P o WS oo




TT T de—

T
-‘u bt i -

IS s TUR + 1y bt v s B ST, 5 AR A Pt

o - —— - - -

’ a -

(€-¥8 -3V # 1e15K19) Eag syqy vy
UOJ}RJ3U3Y JUOWIBH PUOJI3, PIYIIEW-aSeyd [ adk) Joj jeyuawepuny jo Yyibuajaaem sa ajbue ydjew aseyd paje|noje).qgz *6i4

«— (wrh Oy ‘jepuswepuny jo yibuajesem
'yl 8'el  0'¢l 2el P 1 9°01 8°6 0°6 2’8 vl 99 8¢ 0°s ' 4 13
T )} 1 T 1

1

1 I 1 1 L il | ] 1 | 1

1 H 1 1 1 1. 1 1 1 1 1 1 1 I L 1 1 1 A i 1 1 | A 1 I 1 1 1

9=26tm59 dA3N)

] 4

(ssalbop Yg ajbuy yojew aseyq

§orenierd wemdt }1 Ti T?f# ~(§.tn !.ii,.tsu ..ili.,i. F(..i!.i. M nh [S— —————— [gr——

 — Mt ——— e

T T, N Phmes

67

M




Lurve 635104-A

4 T T T T | R | T T T
20 |- .
10 |- —
i 8 |- —~
£
26 -
2
QD
&
=
4 -
Ap=2.795um
N =2098um
2 Ap=1.83um N
1 I U N NN S U TR RS NN S |
38 3% 34 32 30 28 6 24 2 2 18 16 W
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Fig. 21-Phase matching curves (Type I) for optical parametric

oscillation in T£3As Se3
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-2 TlsSe,
The optical transmission of T13AsSe4 is shewn in Fig. 22,
The band edge ie at .bout 1.15 um, and the transparency range extends
to about 17 um, alt ough two-phonon absorption peaks at 1l.6 uz and
12.8 um reduce trans.ission in the region beyond 10 um.
Since Tl _AsSe

3 4
which is centric, T13Ashe4 15 not enpected %o exhibit pilezo-

is expected to be structurally similar to

T13A354,
electric or second order nonlinear optical behavior. Criented samples

are being prepared for refractive index and acousto-optic measurements.

6.3 T1,AsS,

As indicated in preceding sections, considerable difficulty
has been experienced in growing single crystal T13AsS3, because of the
closeness of eutectics tu '.'13AsS3 in the Tl-'s-S systea. A small
section of T13AsS3 boule TASS-BR-5, a 1.07 cm thick sectica about
0.5 cm long near the seed end, as shown in Pig. 23, exhibited reasonable
transmission at 2.1 um. A 3.82 mm thick piece of this section was used
for optical transmission measu' ements, with the results shown in Fig. 24,
We see that the band edge nf T13AsS3 is at about 0.9 um, with
transmission extending to 12.5 um, although absorptict losses of
0.5 to 1.0 cm-l can be expected in the 10-11 um region because of
two-phonon absorption. Ancother prominent feature is the band tail

extending from 1 um to about &4 wm, possibly a result of scattering or

absorptior in inclusions of other phases of the Tl-As-S system.

oo
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The position of the band edge at 0.9 um is a very promising

indication for leAsS3. 1t implies the possibility that the refractive

indices and hence nonlinear optical coefficient of T13ASS3 lie
intermediate between proustite (Ag,AsS3) and IlBAsSeB. For optical

frequency up-conversion and mixing experiments, this band edge at
0.9 um would also allow us access ty the region of S-1 photcmultiplier
sensitivity.

Unfortunately, we were unable toc nbtain oriented prisms
of T13Ass3 from the above "good" section of the boule. Apparently,
this section was still polycrystalline, since we could nct obtzain

clear Laue backscaiter patterns for x-ray orieatation.

6.4 Tlass,
We have indicated previocusly the difficulty in growing single
crystal Tiassz because of 1.5 prupensity to form a glassy phase.

Optical trapemission measuremanis were attempted on some secticns of

glassy TlAsS,, but the msterial was cpaque in the thicknessaes used

{2~3 m).
-5 Tighss,

The optical travsmission of Tl3hs” ranges fros about

i
D.5 upo te 12 um.
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7. PIEZOELECTRIC, ACOUSTIC, AND ACOUSTO-OPTIC PRCPERTIES f

i

7.1 Z£3355e3
Piezoelectric tests were performed on an nriented sample of i
i

3 3

section was not the best; optical losses at 2.1 .o were of the order

T1,AsSe, cut from boule TASE-BR-2. The optical quality of this {

of 0.3 cm-l. Silver pasie electrodes were placed on a-faces {100)

or b-faces {010} ard these plezoelectric elements were connected in
series with a 100K resistor. A variable frequency RF generator
(4P 651A) was connected across the resistor and crystal in series,

and varifat-ons in RF voitage across the head resistor fur constant

S Hgp O By i S st

appiied voltage were monitored with an oscilloscope, A freguency
counter (GR 1192) was used to measure the crystal resoasnce and

anrjcesonance frequencies. This technique is not as sensitive as the

[——.

11

stancard technique (for eximple, Standard 58 IRE 14.51)* whiich involves

the use of an adaittance bridge to deternii.- Tescnance and antiresonance

——

irequencies, but it is sutficiently accurate to provide initial

estimates of electromechanical coupling factors.

The electromechanicai coupling factor, k, of a plezoclectric

zmaterial is a dimensionless factor ranging from zero to one which i

indicates the efficiency with which mechanical euergy is converted inco




11

electrical energy and vice versa. In general, k depends on mode of

e

vibration and the orientation of the crystal; for an efficient piezo-

electric raterial such 2s lithium niobate, k ranges from 0.0 to about

(enduonch

0.7.

ot

For the crystal orientations considered above, the primary

modes excited are thickness shear modes, for which the coupling

o ing

£ i . £ =
coefficient {is le The coupling factor le can be determined
experimentzlly by messuring the difference between the t :equencies of !
piezcelectric resonance and antiresonance for an oriented plate or

bar driven by an RF field applied to electrodes on the crystal surface.t?

—— -

The eifective coupling factor is related to the rescnance frequency

(fr) and antiresonance frequency (fa) of the plate byl3

]

z (E._Sf (E.EEQ
ks £) G

a

P

i In Table 5 are given the frequency values as experimentally determined

for the strongest modes of an X-cut plate of T13AsSe3, and the coupling

m——— - ——— i {s YW O

-

factors and frequency constant, N, determined from thess c—easurements.

—

The frequency constant N is defined as the product of series rescnant

0 0 0

frequency and plate chicknessll, and is related to an effective elastic

-
ey

i z=odulus, ¢ for the node, and the crystal deasity o, by

L

/

R

v |n}

N=f t=
4

(810

s

§F is a numerical factor velated to the eigenvalue of the mode. ¥e can

get a numerical value of ¢ from N and our known value for p(= 7.83 g:/cs3).

e
=%
e
=
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TABLE 5

Some Piezoelectric and Elastic Constants
for 713535e3 at Room Temperature

£ £ 1 =~
Crystal fr fa K. =[> = cot = ==]2! & = £.¢ 10 Ne
<a s Tl T CC Y a T Irt at.
Orientation (kHz) (kiz) 15 2 fa 2 “a (Hz=X) (10 ;7.
x-cut T11A5593 148.301 | 148.718 0.083 524 .99 n.216
156.2521 154.565 0.071 546.61 $3.234
y-cut T13AsSe3 133.609] 132.793 0.046 627 .83 G309
Li§b03(typical] 0~ 0.5 2000 1.5 + 25
i

The Q's (ji) of the two resonances for the x-cut case were
about 300 and 110, respectively.

in comparison with equivalent values tor 3 very efficient
plezcelectric suzh as Li5b03, the values so far deterzined for 11353533
indicate that it is oot a higaly efficient piezcelectric material; £f
T13AsSe3 is considered for use as an ultrasonic transducer, for imstamce,
we could expect efficiencies of perhaps 5 to 18X, compared to 60 in
Li:bo3. The coupling factors for ?1355363 are thus ¢ the saae ovder
of magnitude as those of quartz.

Acoustic velocity and insx xsasurements were cade on & sampyle
of singie crystai TiBAsSe} using e¢coventionzl pulse—=che techniques,
with the resuits shown frn Tabiz 6. Llongirudinal wave vilocities are
of the order of 2 x 105 ct:/sec, and shezr wave velocities are af the
~

Py

erder of 1 x 1%7 cmfscc, with 3 very slight dependence on shear wave

polarizacion.
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TABLE €
Measured Acoustic Properties of 713As3e,
J
. [ - 3 - = Ewe H R LS TR UM ST S I
. Velocities {in cz/sec) ; ]
tivpagsrava . e H L4
H Jirectian R . .
} TR , : Shear
i Longitudinal Shear oy :
- Pelarization

wn

A R Sy

P asaxis{lu0} . 1.98 x 1B

.

-

(2]
Q
w
™

ot
o
(2]

i h-sxis{GLO} 2.13 x 10 -

(g}

WA e sp—

(RN

.01 x 10 ' 3

w
pmt

wn

1.0 x 107 ib

n
:
n
ey
(=]
Q
oot
et
LS ]
[
f o]
“
S
<

o v

Acsustic losses are fairly low; for longitudinal waves at

b B dinidaand

30 Mgz, the loss is 0.18 db/usec, vhile for shear waves at 20 Mz

ot
(¥
73
'3
o
»n

0.057 db/usec.

- — i o

{ Uuing the ceasured values of refractive indax, density, and
) acoustic velceities, we zay eslimate acousto-splic figures of zerit :
i
§ - : ; ; . )
: for Tl,AsSe.. A figure of merit ~vhich indicszzes the efficiency of a i
: 3 7 g s H
: 7 6 2 ;
. »4 - c . H H
materiai as an acouslu-optic =odulaze: (s M, = S » where n is the ! :
E 5
«; ;
i refractive index, p the prwrtueiaztac coefficient, ¢ the density, and !
}
P v the acoustic veles$its. 'a Table 7, we compare estizmated and z=easured
J;;
values for the M ’s of Tl AsSc, :elative to those of $i0,, at 3.39 .=.
-~
F z
3 Wr asswee for i{he thecretical sstimates that the photoeiastic ccefficients, .
E i ;
E, ?, in the two =aterials are equal, so that 2
i i
- =
¢
£
B 2
3 =
3 . I
- E 77 B
2
. é
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e

n.? (ov3)
- ‘ . »
M2(113AsSe3) - -3AsSe3 . 5102
M,(510,) 6 3
272 %si0 (ev™) 11 Asse.,
2 3 3

The ratio by which the measured values of the above Mz's
depart from the theoretical values is in itself a determination of the

relative values of the corvesponding photoelastic coefficients; thus,

Pp3(TljAssey)  /ich

= 0.41 ;
p31(8102) 871
1 ————
Pyy(T238s8ey) /o5 0.25
P4y (510,) 8300 7

T i

The HZ value of 510 measurad for shear waves is very high.
Of presently available infrared materials, only Germanium (H2 = 540),
AsZS3 glass (M2 = 200-300) and T13AsS4 (Mz = 338) are as efficient

as acousto -optic modulators.

7.2 TLAsS,

Tests run on an unoriented 3.62 mm thick plate of T13AsS3 ;

indicated strong resonances at 161 kHz and 168 kHz. This corresponds |

to sound velocities of about 1.2 x lO5 cm/sec, which is typical for
shear waves in sulfosalt materials. Coupling factors were not

measured at the time.
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This indication of piezoelectric behavior also implies that
the structure of T13AsS3 is acentric, and hence it possesses unon-zero
second order optical nonlinear susceptibilities As indicated
previously, crystal growth proublems have prevented us from ob.aining an
oriented single crystal section of T13AsS for refractive index anu

3

nonlinear optical measurements.

7.3 Il3ASS:

Acoustic velocities and acousto-ontic figures of merit for
T13Assa have been reported previously in the literature.l4 Longitudinal
mode velocities are of the order of 2.2 x 105 cm/sec, and shear mode

velocities are about 1.2 x 105 cm/sec. Acousto-optic figures of merit,

M,, range from 166 to 295 at 3.39 uam.
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8. USEFULNESS OF Tl-As-S-Se COMPOUNDS IN
CPTICAL AND ACOUSTO-OPTICAL DEVICES

8.1 Irtroduction
Conclusions are drawn in this section relative to the
usefulness of the compounds studied during this contract fer ¢ ptical
and acousto-optical devices. Two main types oi device appiication
are treated --
e cptical parametric oscillation

® acousto-nptical applications.

8.2 Optical Parametric Oscillation

8.2.1 Desirability of 2 2 um~Pumped Optical
Parametric Oscillazor System

At present, tunable coherent optical sources in the 3 te § uwm
spectral region are limited in number, and their output powers aag
efficiencies are very low. With the frequency-doubled Nd:YAGC laser-~
pumped OPO operating with LiNb03 as ths ncalinear n&terial,ls the
3.0 - 3.5 um spectral range can be ccvered, with average povar cutpul
of about 3 to 10 mW, and output pulse peak powers of the ordsr of 80
to 150 watts. The ultimate efficiency of tils system 1s limited; the
pump wavelength is G,532 Lm, so that the best overall conversion
efficiency to 4 um to be expected for & singly resonznt svstem is

b\

n= £ = Qlili = 134, because the idler ourput at 1,062 um is not
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in the 3 to 5 um region. Operation of this system at wavelengths
longer than 3.5 um is impossible because cf the onset of intrinsic

absorption in LiNbO, irn that spectral region. In a dye laser mixing

3
(xper iment in which a ruby laser~punped dye laser and the ruby laser
itself were mixed in a LiIO3 crystal, Meltzer and Goldberg16 generated
oustputs tunable through the 4.1 to 5.2 ym region, wi~h peak powers of
the order cof 120 W. The efficiency of this system is very low because
of the low inherent efficiency of both the ruby and dye lasers.
Goldce:gl? has also attained tunable outputs in the 3.5 to 4.2 um region
in 2 s«ingly resonant QPC on LiIOB, using a Nd:YAG laser at 1.06 um as
ti.2 pamp 'n that system, however, the output at 4 ym was erratic

because LiId, is lossy at 4 um, and pump nulse energies nigh enough

3
te ceuse tiermal defocusing and damage in the LiIO3 crystal were
required. Most recently, Hanna and his colleagues at the University of
Soudrharpion in Eugland have successfully operated zn OPO tunable laser
from 1.2% te 8.) um, using proustite (Ag3AsS3) as the nonlinear crystal,
. . e 18 _ . \
pumprd a2 2.C5 Lr by a Nd:YAG laser, teak powers of sbout 100 W were
teataed i bandw? < -1 hi
vhtialney in a bandwicdth ¢f about 1 ¢cm ™ at 4.5 um. In this oscillator,
the vlt.umors ¢irainabls conversior efficiency would be n = 1.06/4.0
2 270, oruviced Yt iv opersted in a singly resonant cenfiguraticn. The

N

. e . . . N . Z
tnrestnid vower dengity fy guoted by Hanna &t al. as abcut 5 MW/cm';
th.s g2ens 10 B unws,3ily low, even thougi: they expsrienced a round-

trip #lzarl loss of only 204 and used a very shevt optical cavity.

Teis powey dzusity, it correct, is well belaw thv reported damage

Py

y . . N A
it reshsle tor Aggésis, which is avout 20 Mw/cae™ at l.ué .m.
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The threshold power demsities observed by Hanna et al. at
1.06 ym in Ag3A353 can immediately be used to show that attempts to
develop a proustite (Ag3AsS3) oscillator at 2.1 un weoulid not be very
successful. For confocal focusing, the parametric gain coefficient is

inversely proportional to the cube of the pump wavelength: r2 « l/A3 .

P
Thus, the gain would be (2.1 um/1.06 um)3 = 7.] times lower in the
2.1 ym-pumped system, bringing the required thresnold at 2.1 um above
the damage threshold of 20 HW/cmz. The existing evidence thus indicates
that a 2.1 um-pumped OPO hased or Ag3AcS3 would operate only erratically
and be severely limited by cpticsl damage problems. A noanlinear optical
matevizls with higher nonlinear susceptihility and higher damage threshold
than proustite is thus needed for a 2.1 ym-pumped osciliator. In a
subgsequent section, we will discuss the applicability of the higher
susceptibility nonlinear optical materials available, including leésSe3.

Other techniques for azttaining tunable outputs in the

3 o 5 um r=gion m2y i{nclude varicus pump-tuned parametric oscillators

Sr vhe mixing in an infrared noniinesr cryetal of av infrared pump with

the ftunsd output of zn infrared GPO,lg and dye laser m

pobe

Xing io

o

~

20 .
prcustire. While such systivaas sre stili relatively fvefficient

—

14

pixing effirienciss in some cases can be good.

8.2.z Jlouparison of HMateriazls fer 2 um-Pumped
OP0 Aczion: Advantages of Ti,AsSe,
~ -

8.2.2.1 Reguirements
Nenlinear opticral iateriuls for perametric nseillator

applicetions must meel mauy rayuiremests, wmsng which are:
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A. Transparency throughout a wavelength region including i

pump, signal, and idler wavelengths.
B. Reasonably high nonlinear optical susceptibilities. H
C. <Capability of being phase-matched for the wavelengtn range i

of parametric operation desired.

- n — -

D. Optical damage thresholds higher than the power densities

needed for efficient parametric conversion.
E. Availability as reasonably large single crystals of good

optical quality.

A p— -

A convenient method of comparing monlinear materials on the
2
basis of requirements A and B above was discussed by Harris, 1 wvho
noted that in a parametric oscillator the conversion efficiency 1is

. . . 2,3
proportional to a certain combination of materials parameters, d /a7,

~

ey, W T s, s s

where d is the effective noalinear optical susceptibility of ine
materials for the particular parametric process, and n is roughly an
average refractiv= index. Strictly speaking, d may vary cotsiderably
even for th: same material, depending on the process considered and
the wavelength regions involved; nevertheless, the "figure of merit"

2 . s .
d /n3 gives a rough comparison of the effectiveness of various materials

o —— ——————— . — SSRGS oot o s B

their useful transparency region, as shown in Fig. 25. We have added
to Marris' figure the parameters for some receuntiy deveioped materials,
and included some recent ccorrections to previously measured suscepti-

bilities., If we concentrate first on materials with a 2 0 5 um

region of transparency, we see that of those materials listed, this

f
f . .2, 2
} in parametric processes. Harris plotted d"/n” for materials versus
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Fig. 25 - Optical parametric figure of merit, d /n3, and
transparency vegion for ronlinear optical materials.

transparency reguirement eliminates KDP, LiNbO3, a-h103, BaZNaNbSOIS,
CdGeA92 and Te. LiNbog and BaZNaNbsols actually are transparent to
about 5 um; however, they are too lossy in the region above 4.5 ua to
te considered for parametric applications in the entire 4 to 5 um
region. In addition, LiNbO3 of normal composirion cannot be phase
matched for a 2.1 um Ho:YAG pumped oscillator; the d-coefficients of

these two materials are also consideratly lower than those of some of

the cther materiais,
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0f the remaining materisls, = gee that the chalcopyrites
ZnGe?z and Agc-asz appear to have reascnably largs figures of werit,
although we heve calculated ithe figure of merit for AgGaSZ on the
basis of the initially reported ueasuremeatzz of d(AgGaSz) & (.42 d(GaAs),
winich later evidence indicates wight be too high by a facter of three.
We will see below that che?2 is not phase zmatchable over the entire
4 to 5 un region for 2.1 um pumping, while Agcasz is phase matchable
for that process.

Recent work by Boyd and his coli.eagueszl' indicated that the
chaicopyrite AgGaSezhascoﬁsiderable promise as 2 nonlinear optical
asterial. It shouid a2llow phase-matched 2.1 pm + 4.1 um conversion at
about 48° to the optic 3115'2& and has a high figure of merit (S<e
Fig. 28). As is the case with many of the chalcopyrites, AgGaSez is
difficult to grow in useful crystal sizes of good optical quaiity.

Boyd et al. reported losses of the order of 4 to S r:.a”l over the entire
transparency range of the crysta1.23 Recently, we have been atle to
grow AgcaSez as reasonably large (0.04 x 0.4 x 0.6 cm) single crystals
of lower loss (a & 0.5 ca_l at 2.1 pm). This loss is still tco nigh

for use in a parametric oscillator.

HgS and Se have attractively high figures of rierit; we have
calculated phase satching conditions for Hg$S (positive uniaxial,
Type 11 phase matching) and find that it does not phase zatch for
Z ym-pumped degencrate cscillator operation (lp =2 ym - xs 4 ki 2 4 um)
at any angle. Although we have not calculated phase =etching conditions

for Se, it is positive birefringent and the birefringence {~ 0.81)
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appears to be too large to allow phase matching in the 2 to 5 um regior.
Se and HgS have also been extremely hard to grow as usable size
crystals of good optical quality.

CdSe is an attractive material from the point of view of the
nonlinear figure of merit dz/n3, and availability in crystals of good
quality and size; unfortunately, as we shall see, it does not phase
match properly for 2.1 ym-pumped oscillation in the 4 to 5 um region,
although it has been usefu' for oscillation in the 2.0 to 2.3 »m and
9 to 13 um regions when pumped with a3 1.833 um source.

The sulfosalt materials T13AsSe3, Ag3AsS3, and Ag3SbS3 all
appear tc te phase matchable, as w2 will see below. T13AsSe3 has the
highest figure of merit and should provide the lowest threshold of all
of tue materials considered in this discussion.

L1103 is alsc phase =atchable for the 2.1 iz pumped parazmetric
oscillator nrocess, and its transparency region extends to 5 um,
although there is a small absorption band for the ordinary ray near
4.2 ,= which could cause some difficulty. The fact that the nonlinear
susceptibility of LilC3 !s much lower than the above materials means
that veiy high pump power densities will he required to reach the
osciljator threshold if LiIO3 is used.

Details of the phas: matching considerations are given in

Section 8.2.2.2; in Section §.2.2.3 we will sumcarize all of the

zaverials considerations.
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8.2.2.2 Phasc Matching Consideraticns

(1) Chalcopyrites

ZnGeP2 is very attractive from the point of view of its

transparency and high nonlinear optical figure of merit, but unfertumatel;

<

the refra-tive index data of chd26 indicate that a 2.1 .m pump caanot
te phase-matched efficiently to parametricaily generaie radiation
anywhere between 3.4 .m and 5.8 pyn, although the 2.1 to 3.4 um and
5.8 to 12 .m regions should be accessible with a 2.1 1= puzp (Fig. 26).
In addition to this proolem, the state of the art in yrowing ZnGeP

2

is not very satisfactory; for some as yet unknmown reason, the band edge

extends into the 2 .a region, producing unacceptadbie lecss (as high as
a ..w cn’i) for the punp radiation.26

2
AgGaSz, according to recent measurements of Boyd et al., 3

is phise =atchible (Type I, 0 + 0 ~ e) for 2.1 um pumped oscfilation
intc the 4 tu 5 .z region, at about 30.5° to the eptic axis (Fig. 27).
tnfortunately, AgGaSz in its present state of developament also exhibits

-1

large losses (; 1.0 c¢cn ) at 2.1 .= and about 1 cn_l in the 4 to 5 um
region. The losses are partly due to abscrption aad partly due to
scattering 1in cracks and voids in the material.

AgGaSe2 should be phase =atchable for 2.1 va =+ &1 =
frequency conversicn, as we may see from Figs. 28 and 29, which are

24
reproduced froz the piper of Bovi et al. on ternar, selea.des.
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Figure 26 -- Three-frequency phase nmatching for ZnGeP2 indicating vy
and v2 (or wavelength A} and A3) vs the pump frequency
v3 (or wavelength 13). (Ref. 26).
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(ii) Cdse

A phase matching cv ve for CdSe pumped at 2.06 um is shown
in Fig. 30.27 The curve was calculated with pumping by :io:SOAP
(xp = 2,06 um) in mind, but the general features will rec be much
different for Ho:YAG pumping (\p = 2.098 um). The 3.1 to 6.4 um region
is completely inaccessible for phase-matched pararietric conversion.

An interesting feature is that 90 deg phase matching of conversion of
2.1 .a radiation to 3.05 um and 6.40 um radiation shouic be possible,
which implies very low thresholds for this process. Aiso note that
large angle phase matching for conversion and continuous tuning in the
2.5 to 3.0 ym and 6.4 to 13 ;m regions is possible in CdSe pumped at

2 .m. Since n,2-n > 0 (positive birefringence), Type il (e - 0 + e)
phase matcning is required.

Byer and Herbst25 have made use of these excellent properties
of CdSe by constructing a tunable CdSe oscillator with outputs in the
2.2 to 2.3 um and 9 to 13 .m region.

(iii) The Sulfosalt Mater‘als

Figures 31 and 21 show phase matching curves for proustite27
(AgBAsSJ) and thallium arsenic selenide27 (T13A55e3). We have not
calculated curves for Ag35b53 but we expect them to be somewhat like
those of A33A553 {(the refractive inuex data indicate that phase-
matched degenerate operation with Ap = 2.1 um will occur in Ag3SbS3

5
at an angle of about 27 deg to the crystal c--axis).‘8

92

]

ol i sl e L

bl

T




Waveiength 4

tion in CdSe, for a pump wavelength Ap = 2.06 um. (Ref. 27)
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Figure 31 -- Theoretical tuning curves for optical parametric oscilla~

tion in proustite (Ag;AsS3). pump waveleugth ‘pa

parameter.

(Ref. 27).
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Figure 31 illustrates that phase-matched tunable oscillatiun
for a 2.1 um pump in Ay A853 will occur at phase match angles of 16.5
to 15.5 deg; the steep: :ss uf the curve also indicates that the tuning
with angle will be very rapid. The birefringence angle 5, which limits
the effective lengtir o the crystal for a given beam spot size, is
2.89 deg at 2.1 unm.

Phase matching curves for Tl3AsSe3 (Fig. 21) indicate that
phase matching shoulu occur for 2.1 um pumping at angles of 30 to
24 deg. The birefringence angle, ,, is about the same as for AgJAsSJ.
Again, the steepness of the tuning curve for 2.1 .o puuping izplies
that rapid tuning with angular dispiacement will be possible. However,
this also implies that a large oscillator bandwidth wiili result.

(iv) L1103

Figure 32 shows tuni.., Curvesz7 calculated for LiIOS. Li103
is matchable for a 2.1 um pumped oscillator, but the icler wavelength
comes close to the absorption edge; this may present provblers in the
4.5 to 5.0 um region. The turing curve is also very steep, as was the
case for T13AsSe3 and A83ASS3. The birefcingence angie o is also larger
fer LIIO, than for Tl AsSe

] 3 3

rarametric gain {s roughly proportional to l/cz for a wide raugs of

3.7. deg as against 2,98 deg. Thne

focusing conditions, thus the parametric gain in Tl3AsSe3 wili he over

0% greater than in LilO, due to this factor alone. An even greater

3
advantage of T13A55e3 over LiIO3 is the fact that the aonlinear optical
cuetf icient, d, of T13AsSc3 i{s about seven times larger than that of
94
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L1103; the data of Fig. 32 imply that the gain per unit pump power in

TIIAsSe should be at least 30 times higher than that in a sample of

3
Li 103 of the same length, not even including the 1/02 factcr above,
8.2.2.3 Summary of Survey Results

Table 8 summarizes the results of the preceding surveys,
including only those materials exhibiting reagonable transparency
throughout the entire 2 to 5 :m region. The sumnary shows that, of the
phase matchable materials, 'I'i:‘AsSe3 and AgGaSez possess Dy far the
largest figures of merit. Of these two potentially usefuil materials,
only T13A55e3 is available as good quality single crvstals of large
sfze. Its most serious rival is probably Lilo3, wh.ich is a factor of
30 worse in figure of merit, but better by the same factor of 30 from

point of view of damage threshold; Lil0,, however, =ay also be somewhat
3

lossy near 5 um, which would degrade oscillator perforxance.

8.3 Acousto-Optic Devices

8.3.1 Acousto-Optic Modulators

The high acousto-optic figure of wmerit and relatively low
optical and acoustis losses observed in Tl-As-S,se compounds all
indicate that these materials should be very usciul as lov-drive power
acousto-optic moduiators and beam scanners for infrared sources. In
the following, we calculate some acoustic drive power requirezents
and other system characteristics for such applications.

§.3.1.1 External Modualation at 1.06 um
The fraction l/lO of incident light intensity io wiich is

5 . . . 28
detflected by a grating generated by an acoustic wave {s given by

97
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3 % y

1 2 %
*i— » sin ) (l)
o 2
where &3 is the amplitude of the grating, and ‘s related to the
applied acoustic power PAC by
oms [LL
A * J/xz i xz PAC . (2)

Here, L/H is the ratio of the acoustic beam leng“h to its height, and

is usualily close to unity. The figure of merit, as we have previously

noted, is

vhere n is the refractive index at the vacuum waveiength of the
incident opticil bean, p is the relevant photoelastic coefiicient, o

the density, and v the sound velocity in the material. For fused 5102.

18

M, = 1.51 x 10

2 secJIgn.

For the case of external modulation of a 1.06 .z beam, we
nay use the above results to calculate the acoustic drive power
requirenent. We consider the requirement for del lecting all of the

incident power out of the beam, i.e., 1007 modulation. Then,

—-'2- B -
P .",2 H
ac T WL or
‘2
P:\C - &—; for H = L, which is the usual case. (3)
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With the value of ¥, for fused SiOZ given above, Eq. (3)
yields a drive power requirement of 372 wacts. Externul modulation
at 1007 at 1.06 um using Si()2 is therefore out of the questien. wWith
‘1'13#;356 as the modulator material, however, the drive power requirement
will be reduced Yrom this by a factor of 200 to 300, since the figure
of merit of Tl3,\sS‘ is this much larger than that of Sioz near 1 pu.zg
The required acoustic drive pcwer with 1'135556 vill rthus be wnly
about 1 to 2 warts, depending on which photoelastic coefficient is used;
such acoustic powers are teadily generated in sulfosait crystals by
conventional rechniques. For modulaticn at wavelengths longer than
about 1.3 uk, interaction with shear wvaves in 1‘134\5533 bacomes the
conf iguration of choice, since the figure of aerit Hz is, as seen in
Sec. 7.1, about 500, which is even larger than that of T13AsSA.
Germaniuc, another competitor, does not transait below 2 .um.

8.3.1.2 Internali Modulatfon and Q-Switching at 1.06 .s

For Q-switching, the consideratioas are the sase as those
above, except that rhe anount of light deflected by the modulator now
oaly needs t egqual thy asount by which sirgle~pass gain in the laser
rod exceeds its threshold value. For a typical Nd:YAG systes operating
vith up to a few wvatts output, the gain per single pass ranges froc
5% to 15%. Let us assume that the modulater must deflect about 10%

of the incldent light. Agafin, from Eqs. (1) and (2), wve find, for

the required acoustic power to Q-switch a Nd:YAG laser.

| = 19.5 watts {or SiOZ
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PAC = 0.05 to 9,08 watts for 1’13:\55‘.

Taking into account the coupling efficiencies vfi the acoustic transducers

wirich would be avetad, o LiN0O, transducer should provide coupling

3
eificiencies ranging from 201 to 0%, depemling cn the node desired.

A reasonable estimate for the range of total power required froa the

KF generator to provide high data rate Q-switching would be 100 aillivstts
to 400 milliwates, if ‘rll)us‘ were used as the podulator caterial.

Since the acoustic loss in TIJAsS‘ is only about i dB/.sec at 400 MHz,
(-switched pulse data rates of at least 500 MB/sec should be readily
attainable with less than 0.5 watts average of RF drive jpower. Mode-
locking of & continuous Nd:YAG laser will also be prssible using this
technique; even lower BF drive powers will be needed for that applica-
ticn, because when the modulation frequency is set close to trne laser
cavity longfitudiinal aode frequency interval, 3 oucn snailer loss
perturbaticn than 100X i{s sufficient to cause mode iocxing.

Similarly, acdulation of the laser with 4n internal T1 AsS,

3
cousto-optic nodulator would require auch less power than the 1 to
2 watts calculated above tor externai zodulation.
8.3.2 HElectronicails unable latrarea Acvusto-Optic Filters
For crystals of the triclinic and monociinic systems, as well

as :or thwse in point greups &, -’-., e/n, 3, 3, X, I aac ¢, 3, 6/=, an

acoustic wave traveling collinea.iy with a light wave can diffract a

portion of the ligat frea its original pelarization intc an orthogonal




polarization. This scattering process is cumulative aiong the path of
the beans in the crystal only provided that the acoustic frequency {s
adjusted so that the magnitude of the acoustic wave vedtor, izf. equals

the nagnitude of the difference between the wave vectors correspending

to the optical e-ray and o-ray, i.e.,

- -
= x -k .

K
a e )

b

i

There is thus a one-to-one correspomience between the :requency of the

lignt which experiences tihis cumiative nolarization rotation and the

5
H

.§
%,

frequency of the applied acoustic wave. This effect wes used

successfully by Harris and his co-workers to comsiruct e.ectromically

l tunadle narrow band rilters using LiNbo, 30 i Ca.‘i.ou‘."
2 E
It can be shovnj' that thwe acoustic power density ?A!A ‘

L

required to obtain theoretical 100. peak trans:ittance of a3 {ilter of

length L is given by

L]
w

fé iV . . < . (&)
A

A}
K
~
LN
F’to'
r
[
o
-
to
-

e

wnere ¥ is the optical wavelengin at the peak of the fiiter transsission, E
~6P2

and My 3—3— ‘s the acousto-optic figure of cerit waich we nave
XY

discussed previously., The izportant tanings to note in tg. (4) are

that the required acoustic power censity increases rap.div, as the

square of the optical wavelength, and that this requirec power density

decreases as the materfal acouste-optic figure of zerit increases.

with precent]v availabic . custo-optic rater:iais such as Pb‘ioO,.33
H

Ci%Q, anag Lixboz. tiwe use ol sy fi.tlers s restrictec to wavelengths
-

M i 3

e ]t i




shorter tham about } .= by two materials problems; the first is the

g

fact that these oxides transmil enly out to about 4.5 u=, and the

second is the fact that Laeir scousto-optic figures of merit are

R R TR TR T

still so small that enorscusly high acoustic power densities are
1 reguired ai the louger wavelength. A= an exampie, lez us coasider
2 comparing *fi;AsSe and ene of these new oxide materials ;i‘iar} in

this application, assuming we wist achieve fus in the 3=3 .=
g

i
w
"
L#)
N A e

region. Ca¥o0, exhibirs considersble absorption ioss i the regien

- =

-1
icsses are only about §.81 ¢~ in this region,

A
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[
(W]
b
&
[
.3
]
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@
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but tie power density Jeguirement is even 2 zore severs lisizatiss

for Ca¥el,, as we will see. The {igure of merit Sz el &%ﬁ is

- {4} above vields for the reguired acoustic powrs densifies for

&

1002 transmission st a pesk wave:rength of & e,

3 3
2’ = 60 wattsice” ; ter ‘?;,;isée} we fing

Ittt SR

Bm i‘ =wm\
-y
-
&
WW
]
[
"
]
o
m wh
W'ﬁ
3
m-
E’?
w

I
)
[
I
[}
-
..t o U

\
!

D G

The 's"iffssSfS collimear acousto-cptic filter at & .o wuild thus require

seventy ti lower power density ihan the gﬁ.”éﬁi filter at & .m. Esing

the theory first workew out by Barris, one can shos fhat this 2 o=

et

iong fiz.isée} fiiter would have an acceptance angle of about 2060 =illi- 3

UL

radians, a2 bandwidtn of about 45 é, amd would reguire 3= acoustic drive

frequency of about 100 MUz af & .u. Acoustic leosses st 100 Sz in
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TllAiSe3 are equsal to o7 less tiuan 0.5 d8/usec for longitudinal waves,
which would be used for this filter configuration. Since the velocity
of longitudinal wvaves is about 2 x 103 cn/sec, the tota! accustic loss
down the 2 cm long fiiter will be only about 5 48, which should be
quite tolerable.

L‘..,AsSes is thus z very attractive candidate as a2 naterisi
for use in infrared tunable acousto-optic filters.

Haterials whiich do not belong to the proper point group o
be used as collinear acousto-optic filters can nevertieless be used
in 2 "noncollinear” filter conf iguration;k with somevhat greater
restrictions on the acceptance angle. :3.¢ high acousto-optic figures
of merit of Ti},kssé amd cther nev and promising sulfosaiz single crystals
such as Yisfsé% and ﬁ;"‘s‘-'g will make thes very useful in such
noncellinear accasto-optic filter applications, evem though they do

oot possess the proper sy=zetry to be used in the coll:imear configuration.
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9. CONCLUSIONS

Two important conclusions have been reachied on the basis
of work performed during this program. These are as follows.

1. Phase diagram studies are essential to urders.and
obsvrved features of the crystal growth of complicated ternary
compounds such as the Tl-As-3-Se compoumnds investigated during this
contract. We have demonstrated that dramatically improved crystal
quality results from systematic pnase diagram studies conducted within
the context of crystal growth.

2. The ternmary compounds in Tl-As-S ana Ti-As-Se chemical
systems r2present a class of compounds that show consicerable
potential as single-crystal materials for optical and acousto-optical
devices. The work perforrmed during this contract represents an

essential foundation for future studies of these materials in devices.
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